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ABSTRACT

23506

A program of calibrations of the 0.55-0.85 micron and 0.2-4.0 micron
channels of the F-1 and F-4 MRIR radiometers has been carried out and a
hemisphere calibration source has been developed. The characteristics of
the calibration source, the method of calibration and interpretation of data
in terms of percent reflectance, ard the system of direct solar calibrations
for use on satellites are presented and discussed, Laboratory calibration
data are presented and are shown to agree with Santa Barbara Research Center
Data., The direct solar calibration data are presented and the limitation of
this in-flight calibration system is discussed. An error analysis indicates
a precision of *2% and possible systematic errors of 5-8% in the calibrations.
The possibility of large errors in the interpretation of reflectance data ob-
tained with the MRIR is discussed and shown by example.



1. INTRODUCTION

The NIMBUS 6 satellite which will be launched early in 1966 will carry
a Medium Resolution Infrared Radiometer (MRIR) designed to measure the ther-
mal radiation emitted, and the solar radiation reflected and scattered back
out into space by the earth, clouds and the atmosphere.

Two flight models of the MRIR (models F-1 and F-4) have been tested and
calibrated in the laboratory and on high altitude balloon flights by members
of the High Altitude Engineering Laboratory of The University of Michigan,
working under contract NASr-54(03) with NASA Goddard Space Flight Center.

The purpose of this report is to describe the method of calibration of
the visible channels of the MRIR, to evaluate the accuracy of the calibration
and to discuss the problem of interpretation of the data obtained with this
type of instrument.



2. CHARACTERISTICS OF THE VISIBLE CHANNELS OF THE
F-1 AND F-4 MRIR RADIOMETERS

The NIMBUS MRIR is a five-channel scanning radiometer designed to meas-
ure the flux of thermal radiation and the reflected and scattered solar radia-
tion from the earth and its atmosphere.l

The optical design of the radiometer is illustrated schematically in Fig-
ure 1, Incoming radiation is reflected by the scanning mirror into the five
Cassegranian telescopes and then passes through the chopper into the collect-
ing optics, filter, and bolometer detector,

The associated electronics consists of preamplifiers, mixer circuits,
power amplifiers, synchonous detectors, output filters, and power supply.

The relative characteristic response ¢i of the two visible channels of
the F-1 (flight model 1) radiometer are shown in Figures 2 and 3. The re-
sponse of the one visible channel of the F-4 MRIR is also shown in Figure 3.

This data was supplied with the radiometers by the Santa Barbara Research
Center.

Other characteristics of the visible channels are illustrated by those
of the F-4 MRIR visible channel, given in Table I.2 The field of view con-
tours of the 0.2-4,0 micron channel of the F-4 MRIRare shown in Figure &,

TABLE I

NOMINAL CHARACTERISTICS OF F-4 MRIR

(0.2-4.0 micron channel)

Spectral region (5% points) 0.2-4 .8 microns
Field of view (-6 db points) 2.8°

Optical entrance aperture 1.72 in. diam
Effective system f/no. 0.93

System input noilse 0.59 uvolts rms
System gain 3.6-10° (rms to dc)
Responsivity 1.6:10° vclts/watt/cm2
NEPD 1.52-1070 watts/cm®
Time constant 0.02 sec

Target range 0 to 80% albedc
Output impedance 5.8°K

Output voltage range to -6.4 volts
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*SQUSMMIYSUT YIMW H~d PU® T-d
JO TSUUBYO UOIOTW Q ‘-2 ‘0 JO .\me ‘osuodead O0TASTIVLOBIBYUD SATARTSY °*¢ 2an3td

SuodoIW ‘ Y ‘ydustenem
4 £ [4 1 0

_ [ [ |

09

08

001
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Figure 4, Field of view contours of the 0.2-4.0 micron channel of the F-L
MRIR.




3. METHOD OF CALIBRATION

The method used for the calibration of the MRIR visible channels is re-~
ferred to in the literature® as the "near-extended source method." A dif-
fuse source larger than the radiometer aperture, which will completely fill
the radiometer field of view, is placed a short distance from the radiometer,
so0 that the transmissivity of the medium between the source and the instru-
ment is essentially unity. The radiant emittance of the source, assumed to
be uniform over the radiometer field of view,is varied over the range of val-
ues desired. Corresponding values of source radiant emittance and radiom-
eter output voltage are recorded. These data provide the basis for calibra-
tion curves which must be interpreted as indicated in the following discus~-
sion.

The characteristics of a perfectly diffuse calibration source are given
by:

N, = k/ﬂ Ngp) dA  watts - em™2- steradian™t

-]
W = L/\ Wop, AN watts ¢ cm™2
and the relations

WQZ
s Nep = .

where
Ngj, 1s the spectral radiance, watts - cm™. steradian™le micron”l,
Ng) is the spectral radiant emittance, watts » cm=2. micronrl,
No is the radiance, watts - em™2. steradian=l.

We is the radiant emittance, watts . cm=2,

1

The equation which describes the output voltage of a visible channel of
the radiometer when its entire field of view is uniformly illuminated by the
calibration source is:

Vo = RY'ApQ.N} (1)

or




where

R' is the responsivity of the channel of the radiometer averaged over the
entire field of view, volts/watta

Ay is the effective area of the radiometer aperture, cm?.

{0 is the solid angle viewed by the radiometer, steradians.

N, is the "effective" radiance of the diffuse calibration source,
watts » cm™°. steradian~l,

Wi is the "effective" radiant emittance of the diffuse calibration source,
watts » cm~2,

N&, the effective radiance, is the quantity which actually effects the
radiometer, Its value is given by the integral:

oo

NC': = f NC).. ¢>\‘ d}\ (2)

¢}

where

¢, 1s the effective spectral response of the radiometer channel,
A 1s the wavelength in microns.

In the case of the perfectly diffuse source that we assumed, we also
have the relation:

0

' = , = ] .
Wc = ﬁNC = u/\ ch ¢K an
o

, To simplify the discussion in the remainder of this report we will con-
sider only the values of radiance N, or Ni. Values of radiant emittance W,
or Wé can be calculated if desired and if warranted.

To summarize, the calibration procedure consists of the following steps.

(a) Vary Ne of the diffuse calibration source for which the distribution
of spectral radiance is known.

(b) Record corresponding values of the radiometer output voltage V, and
the source radiance Ng.

(¢) For a given value of N,, calculate a corresponding value of N}, us-
ing Equetion (2). Values of Ngj and ¢3 must be known.

8




(d) Plot the calibration curves of V, vs. Nl.

This calibration procedure should be carried out at several instrument
temperatures covering the range of temperatures over which the instrument may
operate,



4, INTERPRETATION OF THE MRIR DATA

4,1, PERCENT REFLECTANCE

The visible channels of the MRIR radiometer are designed to obtain a
measurement of the fraction of incident solar radiation which is reflected
or scattered back out into space from the surface of the earth, the clouds
and the atmosphere., Thus the attempt is made to interpret the radiometer
readings in terms of an equivalent average "reflectivity" or "albedo" of
that portion of the earth and its atmosphere lying within the radiometer
field of wview.

The interpretation is made as follows. Recall that the solar constant
is defined to be the amount of solar radiation received at normal incidence
(i.e., on a plane surface normal to the sun's rays) outside of the atposphere
at the mean earth-sun distance., The value used is 2.0 langleys min, (2 cal.
cm™2. min, "1 or 0.1395 watts cm'2). The solar constant can be expressed as:

Hy = f Hgy A\ (3)

where

Hs is the solar constant (irradiance), 0.1395 watts . cm‘2.
Hgy, 1is the solar spectral irradiance in watts . cm~2. micron~l.

If one solar constant of radiation at normal incidence is reflected
from a perfectly diffuse reflecting surface with spectral reflectance p,, the
radiance of the reflecting surface will be:

o]
1 »
Ny = ;f Pa Hex O

e}

and the reflectance of the surface, averaged over all wavelengths will be:

(4)

D]
i

10




This average reflectance is a weighted average with weighting function
taken to be the spectral distribution of the solar radiation.

Where the surface is received by the visible channel of the MRIR radiom-
eter, the radiometer voltage will be:

V., = R'“A QN
5 by s

where NJ is the effective radiance of the reflected solar constant, i.e.,

[--]
f Py, Hgy, #y >
[o]

1
N = =
5 ;i

For o =1 (i.e., 100% reflectance), then we would have:

0

N1(100%) = f H, ¢, dA
o]

For py, # 1, we may calculate an "effective" average reflectance of the sur-
face:

- -]
1
;{f o Hgp O O
[e]
- -]

1
o f He o an
@]

The average reflectance p' thus obtained is a weighted average with
weighting function taken to be the product of spectral distribution of the
solar radiation multiplied by the instrument response function,

(5)

The calibration curve of the visible channel of the MRIR may be given in
terms of percent reflectance by taking that value of N¢ equal to Né(lOO%) as
representing 100% reflectance, for radiation normelly incident upon the sur-
face viewed. Further a radiometer voltage reading V, corresponding to a
value of N} = 0.5 Ni(100%) represents a reflectance of 50% for normally inci-
dent radiation. Similarly, in general, we define the percent reflectance of
solar radiation, as measured by the visible channel of the MRIR radiometer by:

= _ Ne )
° T m(io0d) (©)

11



Finally, to correct for angles of incidence other than 90°, it is nec-
essary to divide the value of reflectance obtained by cos Z, where Z is the
zenith angle of the incident radiation.

To summarize then, the interpretation of radiometer readings as percent
reflectance is made by changing the radiometer calibration curves to the
form of Né/Ng(lOO%) vs. Ve. For normal incidence, a given radiometer read-
ing corresponds to a reflectance equal to the value of N&/N$(100%) obtained
from this curve. For other angles of incidence of the solar rays it is nec-
essary to divide by cos Z, where Z is the solar zenith angle. Thus:

N¢
N.(100%):cos 2

[+ -}
J[\ ch ek dr

= ° (7)

- -]
cos 7 %;/\ Hsk'ek an
)

One final correction to be made is a correction for variation in values
of Hg). Values of Hg) used in drawing celibration curves are values for the
sun at its mean distance from the earth. Variations of values of Hg) during
a year are as great at i}.}% and should be corrected for,

4,2, THE POSSIBILITY OF ERROR IN THE INTERPRETATION
L,2,1. Weighted Average Reflectance
The values of percent reflectance measured by the visible channel of

the MRIR differ from the actual reflectance which we desire to measure as
follows:

For normal incidence,we want to measure:

-]

1l
_ ;t-f p}\ HS)\. aa
p o= -2 (5)
1 00
= H
]tf SA ds
[¢}

We actually measure:

12




A |

b

o0
f o) Hgy ® dh f Nep ¢\ &
—_ o o)
pt = = (7)

- ]

1 1
;f He )\ A ;f He o) dx
o 6

In addition to calibration errors, which relate to the substitution of

- -]
JF F%x ¢X dA

[e]

for

[o¢]

d/‘ PN Hsk ¢h da -,
o}

we have the error in interpretation due to the fact that we have measured a
weighted average reflectance using the welghting functlon Hgy ¢x instead of
the function Hg,.

Weighting functions for the visible channels of the F-1 and F-4 MRIR
radiometers are shown in Figures 5 and 6. The weighting function Nsk ¢i for
the narrow band channel of the F-1 MRIR is limited to the range 0.55 to 0.85
micron and emphasizes the range of 0.58 to 0.7 micron. The weighting func-
tion Hg, ¢h for the wide band channel of the F-4 MRIR places less emphasis on
the wavelength region below 1 micron than the Hyg welghting function would.
Since the response of the wide band channel is essentially the same for both
the F-1 and F-i4 radiometers, only one curve has been shown in Figure 6.

It is obvious that the reflectances measured with the 0.55=0.75 micron
channel of tae radiometer cannot be interpreted as 0.2-4 micron reflectances,
except possibly in very special cases. Also the difference in emphasis of
the 0.2-4.0 micron Hyg 9 welghting function from the desired Hyg weighting
function may iead to significant errors in certaln cases. Examples will be
given in Section 8.2 of this report.

L,2,2, Directional Effects

The quantity p', measured by the radiometer is the bi-directional re-
flectance illustrated in Figure 7.

In this figure, ds is an element of the reflecting surface, (©:,%,) are

the zenith and azimuth angles of the incident ray, and (©s,%2) are zenith and
azimuth angles of a reflected ray.

13
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Figure 7., Bi-directional reflectance.

The quantity p(©1,%:,05,%2) is called the bi-directional reflectance,
The total (hemispherical) reflectance of the surface for radiation incident
from the direction (©;,%;) is called the directional reflectance:

L e n/2
r(6,,%,) = ;“Z‘ %{ 0(81,%1,65,95) sin 6o cos 65 395 A% (8)
2:0 =0

If the surface is a perfectly diffuse reflector then p(©,,%,,92,%2) = p,
a constant, and

r(el)¢l) = P

If the reflecting surface is not diffuse then, it is necessary to meas-
ure p(©,,9,,65,92) over the hemisphere (i.e., all angles 95,%5) for a large
number of incident angles, in order to make a correct interpretation. The
characteristics of the reflectance and scattering of solar radiation by the
earth and its atmosphere is of the non-diffuse type and therefore the assump-
tion of diffuse reflectance may result in significant error.

Errors in interpretation of NIMBUS MRIR data due to neglect of directional

reflectance characteristics will be discussed more completely in another re-
port.
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5. DESCRIPTION OF CALIBRATION SOURCES

5.1. SOURCE CHARACTERISTICS

The calibration provides values of the integral

00
f Nep &5 dr

e}

corresponding to radiometer voltage readings. Thus it is necessary to know
accurately the values of N, over the spectral range of the channel (0.2-4
microns). In addition the source should have uniform radiance Np) over the
entire area within the radiometer field of view. The intensity of the source
should be variable in magnitude so that values of the integral covering the
range of O to 100% reflectance (or greater) can be obtained. At any intens-
ity setting, the source should be stable for a length of time suitable for
the calibration.

5.2, THE UNIVERSITY OF MICHIGAN CALIBRATION SOURCES

5¢2.1l., Introduction

Three scurces have been used at The University of Michigan for the cal-
ibration of the visitle channels of the F-l and F-4 MRIR's. The basic con-
figurations are similar for all three of these sources. Radiation from s
lamp of a suitable type is allowed to refliect diffusely from a specially pre-
pared surface.

In general, the characteristics of the reflected radiation are determined
as follows., The relative spectral distribution of the reflected light wéh is
determined by comparison with the known spectral distribution of a seccondsary
standard lamp calibrated by the Naticnal Bureau of Standards, The total radi-
ance of the target:

o0

f ch d}\.

o]
is determined by an Eppley thermopile which has been calibrated by comparison

to a secondary standard thermopile. The absolute values cof the spectral radi-
ance Ngj, are then calculated from:

17



Nea = ky Vea

where k is obtained from:

knh/\ Yoy AN = k/“ Nye AN (9)

e} o]

The diffuse nature of the reflection of radiation from the reflecting
surface is established by measurements made at various reflection angles.
The characteristics must be established at all levels of intensity which
are used in the calibration run.

5,2,2, Carbon Arc—MgO Reflector

The first source for the MRIR calibration consisted of a Strong En-
gineering Company UHI carbon arc with MgO coated flat reflector plate. The
arrangement is shown schematically in Figure 8., The radiation from the car-
bon arc is reflected by an elliptical mirror, passes through an opening in
the baffle system,is incident upon the MgO reflector plate and reflected into
the MRIR. The diffuse nature of the reflectance of an MgO reflector has been
well established.

Because of the poor stability of the carbon arc, the intensity of the
reflected radiation is continuously monitored during the calibration by the
Eppley thermopile, The baffles are used to prevent radiation from reaching
the MRIR or Eppley thermopile by reflection from objects other than the MgO
plate.

The intensity of the radiation falling on the MRIR is varied by changing
the angle © and thus changing the angle of incidence of the radiasticn on the
flat plate.

The relative spectral radiance of this source is given in Table II and
Figure 9. Although it was possible to use this source for calibration of
the MRIR, several characteristics, i.e., its basic instability and very high
power dissipation made it difficult to use.

Although the carbon arc system is built with a rough servo control to
maintain the position of the rods and thus the arc as carbon burns off of
the end of the rod, the arc itself moves around slightly with resulting in-
tensity and spectral changes of the radiation being used for calibration.

The very high power dissipation (10 kilowatts) of the carbon arc re-
sulted in a general heating of the apparatus and indeed of the room itself.
This gradual change of thermal radiation environment with time made it dif-
ficult to maintain accuracy in the calibration procedure.

18
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TABLE 1T

RELATIVE SPECTRAL RADIANCE OF CARBON ARC AND MgO REFLECTOR CALIBRATION SOURCE

A Relative N Relstive N Relative
Wavelength, Spectral Wavelength, S?ectral Wavelength, S?ectral
micron Emittance, micron Emittance, micron Emittance,
Vea Ve Ve
0.24 0 0.76 16.8 1.40 .
0.28 0 0.78 15.8 1.44 4,3
0.32 1.1 0.80 1.7 1.48 h.2
0.36 7.6 0.82 13.7 1.52 3.9
0.40 28.8 0.84 12.9 1.56 3.6
0.4k 26.2 0.86 12.3 1.60 3.4
0.48 27.3 0.88 11.8 1.6L 3.1
1.68 2.8
0.50 26.3 0.92 10.8 1.72 2.6
0.52 23.8 0.96 9.9 1.76 2.4
0.5k 22.9 1.00 9.0 1.80 2.3
0.56 22,3 1.04 8.6 1.84 2.1
0.58 21.5 1.08 8.3 1.88 2.0
0.60 21.0 1.12 7.9 1.92 1.8
0.62 20.6 1.16 7.4 1.96 1.6
0.64 20.2 1.20 6.7 2.00 1.5
0.66 19.9 1.24 6.1
0.68 19.5 1.28 5.5 2.20 0.9
0.70 19.2 1.32 5.1 2.40 0.k
0.72 18.6 1.36 4.6 2.60 0
0.7k 17.8

5.2.3., Tungsten Filament Lamp—MgO Reflector

The arrangement of the second source used for MRIR calibration at The
University of Michigan is shown schematically in Figure 10. Radiation from
a 2000 watt tungsten filament lamp is allowed to reflect from the flat MgO
reflector plate. The intensity of the calibration source is varied by chang-
ing the distance R between the lamp filament and the reflector plate surface.

The spectral radiance of this source was determined as noted above in
Section 5.2.1 and then checked as follows. The spectral distribution of the
irradiance of the lamp at R = 1 meter was determined by comparison with sev-
eral working standards of radiance., Data on the spectral reflectivity of a
MgO coated plate were obtained from the literature and extended by measure-
ments in our laboratory.

el
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The spectral radiance of the source was then calculated from the relation

N, = Hy opecos 45 vatts * m™° steradian”

: R2

1

(10)

where

N, = the spectral radiance of the MgO reflector,

H) = the spectral irradiance of the MgO reflector by the lamp at 1 meter
distance.
Py, = the bl-directional reflectance of the MgO reflector.
R = the distance of the lamp from the Mg0 reflector in meters.

The factor cos 45° enters into the equation because of the 45° angle between
the normal to the MgO reflector and the direction of incident radiation from
the lamp.

Results obtained by this second technigue agree with results obtained
by the first technique within about 5%.

The relative spectral radiance of this source as determined by the first
technique are given in Table III and Figure 11,

Excess power dissipation and associated heating was still a problem with
this source, and meximum albedc values obtained were lower than desired. In
addition the MgO coating on the flat plate was extremely delicate, In spite
of extreme care, the coating would not last any great length of time. Ac-
cordingly a new source was designed to eliminate these difficulties.

5.2.4, Hemisphere Source

The third source built for calibration of the MRIR is shown schematically
in Figure 12. Radigtion from ten lamps located on the circumference of the
hemisphere undergoes multiple reflections in the hemisphere before passing
through the exit hole, All portions of the inside surface are brush coated
with Burch sphere paint No., 2210 over Burch No., 2201-S undercoat.

The lamps mounted around the circumference of the hemisphere are 150 watts
each, General Electric No. 1958 incandescent quartz-~iodine., The intensity of
radiation emitted by the hemisphere is varied by turning on the number of lamps
in units of two (diametrically located). Usually 5 steps of 2, 4, 6, 8, 10
lamps are used.

The relative spectral radiance of this source is given in Table IV and
Figure 13.
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RELATIVE SPECTRAL RADIANCE OF 2000-WATT TUNGSTEN LAMP

TABLE TIII

AND MgO REFLECTOR CALIBRATION SOURCE

5 Relative N Relative N Relative
Wavelength, S?eCEral Wavelength, S?ectral Wavelength, SPectral
micron Emittance, micron Emittance, nieron Emittance,
e H\Po Hypy\
0.20 0 1.56 71.3 2.92 9.4
0.24 0.10 1.60 67.8 2.96 8.5
0.28 0.40 1.6k 6.5 3.00 7.8
0.32 1.10 1.68 61.6 3.0k 6.9
0.36 1.8 1.72 58.7 3.08 6.3
0.40 L.6 1.76 55.6 3.12 5.9
0.Lh 7.3 1.80 52.7 3.16 5.3
0.48 10.6 1.84 49.6 3.20 5.0
0.52 15.6 1.38 46.9 3.24 k.5
0.56 22.0 1.92 LL.5 3.28 L1
0.60 30.6 1.96 ho.3 3.32 3.9
0.64 Lo.1 2.00 38.5 3.36 3.7
0.68 53.2 2.0u 38.3 3.40 3.4
0.72 62.3 2.08 3%6.6 3.44 3.2
0.76 70.9 2.12 35.1 3.48 3.0
0.80 78.1 2.16 33.% 3.52 2.8
0.84 8L . L 2.20 31.9 3.56 2.6
0.88 89.6 2.24 30.2 3.60 2.3
0.92 9%.9 2.28 28.8 3,64 2.1
0.96 96.7 2,32 27k 3.68 2.0
1.00 99.1 2.36 26.3 3.72 1.9
1.04 100.4 2.40 25.1 3.76 1.8
1.08 100.3 2Lk 23,6 3.80 1.7
1.12 99.6 2.48 22.1 3.84 1.7
1.16 93.7 2.52 20.5 3.86 1.5
1.20 97.3 2.56 19.4 3.92 1.3
1.2k4 95.8 2.60 17.9 3.96 1.1
1.28 93.4 2.64 16.7 4.00 1.0
1.32 90.7 2.68 15.4 L .ok 0.80
1.36 87.9 2.72 k.3 4,08 0.60
1.40 8L .7 2.76 13.1 L,12 0.40
1.44 81.5 2.80 12.1 L.,16 0.20
1.48 78.2 2.0k 11.1 4,20 0
1.52 4.9 2.88 10.1

2L
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TABLE IV

RELATIVE SPECTRAL RADIANCE OF HEMISPHERE CALIBRATION SOURCE

N Relative N Relative N Relative
Wavelength, S?ectral Wavelength, S?ectral Wavelength, SPectral
micron Emittance, micron Emittance, micron Emittance,
Ve Ve Ver

0.%5 0.69 0.94 92.5 1.48 28.9
0.4o0 1.39 0.96 92,2 1.50 29.6
0.ke 2.17 0.98 90.3 1.52 29.0C
0.Ly 3,65 1.00 89.6 1.54 29.0
0.46 4.97 1.02 88.4 1.56 28.5
0.48 6.93 1.04 87.1 1.58 28.4
0.50 8.99 1.06 85.0 1.60 27.7
0.52 12.50 1.08 83.3 1.62 26.5
0.5k 15.70 1.10 82.3 1.6k4 25.3
0.56 20.30 1.12 78.2 1.66 22.1
0.58 25.10 1.1k 75.7 1.68 19.6
0.60 34.90 1.16 70.4 1.70 17.6
0.62 LA 10 1.18 67.7 1.72 16.7
0.h4 53.0 1.20 65.5 1.74 16.7
0.66 63.0 1.22 65.7 1.76 15.8
0.68 7.5 1.24 65.8 1.78 15.4
0.70 75.0 1.26 62.9 1.80 4.5
0.72 80 .h 1.28 62.2 1.82 13.7
0.74 8.3 1.30 60.0 1.84 1.7
0.75 90.8 1.32 £1.1 1.86 11.7
0.78 92.5 1.34 54,2 1.88 9.1k4
0.80 o4.9 1.36 L9, 2 1.90 7.40
0.82 2h.9 1.38 51.3 1.92 6.46
0.84 59.0 1.40 33.7 1.94 5.9%
0.8€ 100.0 1.bhe 34,5 1.96 5.78
0.88 97.6 1.44 28.6 1.98 3.00
0.90 97.3 1.46 26.9 2.00 0
0.62 9% U
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This source is relatively easy to use for calibration of the MRIR, Max-
imum power dissipation is only 1500 watts and this power is only used a frac-
tion of the time.

5.3. OSANTA BARBARA CALIBRATION SOURCE

The source used at the Santa Barbara Research Corporation2 is shown in
Figure 14. The size of the source is significantly smaller than those used
at The University of Michigan. Indeed it is made small enouth to be used in-
gide of a vacuum system along with black body sources for calibration of the
thermal channels of the MRIR.

The General Electric Company No. 212 photo enlarger lamp is the basic
source of radiation. It 1s used with an additional diffuser, lens and plas=-
tic filters as shown in Figure 14, In addition several mirrors, not shown
in the schematlc diagram are used to direct the light to the MRIR under cal-
ibration.

The intensity (and spectral distribution) of the lamp are varied by
changing the voltage applied to the lamp., Curves of this calibration source
radiance for several lamp voltages are shown in Figure 15, Note that the
relative spectral distribution changes with lamp voltage.

29
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Figure 1k,

SBRC calibration source.
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6. IN-FLIGHT CALIBRATIONS

6.1. THE DIRECT SUN SIGNAL CALIBRATION TECHNIQUE

Because of the pronounced deterioration of the TIROS 5-channel radiom-
eter which was noticed on satellite flights of this instrument,5 provisions
have been made for in-flight checks of calibration of the MRIR radiometer.

The arrangement for check of calibration of the 0.2-4 micron channel
is shown schematically in Figure 1. The NIMBUS satellite is flown with
such orientation that the axis of the scan mirror lies in the orbital plane
which is lined up with the sun. During & certain portion of the orbit when
the axis of the MRIR is aligned within 6° of the sun, solar radiation will
enter the small opening located in the MRIR housing and be reflected down
into the scan mirror cavity. When the scan mirror looks vertically upward
into the housing this "direct" solar signal is reflected from the scan mir-
ror into the optics of the 0.2-4 micron channel.

The output of the radiometer for this solar calibrate signal can be
written as:

ha scC
Vge = R'[ Hey O ®% A (11)
1

where ¢ic is a factor which represents the attenuation of the "direct solar
signal' in the optical path from the opening of the housing to the scan mirror.
Changes in sensitivity due to change in angle within the 6° acceptance angle
for solar radiation must be included in this factor.

This direct solar signal check of calibration can be of considerable help
in monitcring deterioration of the 0.2-4 micron channel over a period of time
provided:

(1) The orbital plane of the satellite does contain the sun.

(2) The orientation of the MRIR direct solar calibrate port is accurately
known, since the calibrate signal is a function of angle within the field of
view,

A problem arises, however, in monitoring any possible change in the 0.2-
4 micron channel in the time between the last check before launch until the
first direct solar calibrate signal in orbit. To predict accurately what the
first solar calibrate signal will be requires an accurate prelaunch calibra-
tion of the direct solar calibrate optics.
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6.2. SURFACE CALIBRATION OF THE DIRECT SUN SIGNAL OPTICS

For this calibration the instrument is taken outside on a clear day and
allowed to view the sun. The amplitude of this direct sun signal is recorded.
A correction factor for the attenuation of the direct solar radiation is then
calculated and applied to the recorded sun signal.

In the direct sun signal calibrations at SBRC a single reading is taken
with the sun at a high angle, The correction factor is then calculated from
the data of solar spectral irradiance at sea level for varying optical air
masses taken from the hand book of Geophysics. This data is reproduced in
Figure 16, If Hg) is the solar irradiance at the top of the atmosphere and
Hp, is the solar irradiance at sea level, then the correction factor is taken
to be:

‘)L\st oy AN

s (12)
% Hpy ¢x AN

Values of Hpy were obtained from the curves of Figure 16 by interpolation.

In the direct sun signal calibrations of the F-4 MRIR at Michigan, data
was taken on several clear days for many different sun angles. Correction
factors were prepared from solar irradiance data taken from the handbook of
Geophysics with atmospheric attenuation calculated for Elterman's clear stand-
ard atmosphere.6 The correction factor was calculated from

; Hgnt ) AN

F =
X g, O T AA

where Tm is the atmospheric transmission through the atmosphere with optical
path length m. From Elterman's report:

= —T’o
Tﬁ exp [-T)-m] (13)
wnere the values of extinction optical thickness Ti were ootained from Elter-
man's tables. Values of F were calculated for the F-4 MRIR for optical path
lengths of 1, 1.5, 2, 3, 4, and 5 (zenith angles of 0, 48.3°, 60°, 70.6°, 75.5°,
and 78.7°, respectively). Details of the calculations are shown in Table V.

The values of F were plotted against m (see Figure 17). This graph can
be used to obtain correction factors for solar zenith angles of O to 78° (ac-
cording to Elterman's clear standard atmosphere),

The results of direct sun signal calibrations made on the surface at SBRC

and at The University of Michigan, and on a balloon flight are discussed in
Section 8.3.
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Figure 16. Solar spectral irradiance curves at sea level with varyling optical
air masses,
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7. CALTBRATIONS OF THE F-1 MRIR

7.1. SANTA BARBARA CALIBRATION DATA

Calibrations of the F-1 MRIR were made at SBRC in November, 1962, and
in June, 1964, These data are summarized in Reference 7. Both calibrations
involved 2 sets of measurements made at the different combinations of scanner
and electronic module temperatures; i.e.:

Set 1 Set 2
Scanner Electronic Scammer Electronic
Temperature, Temperature, Temperature, Temperature;
°C °C °C °C
50 25 50 50
25 25 0 0
0 25

For the 0.55-0.85 micron channel, the calibration changed between Novem-
ber, 1962, and June, 1964. Further tests of the instrument at SBRC indicated
that this change was due to a decrease in transmission of the 0.55-0.85 mi-
cron filter, which had suffered an apparent polymerizaticn of the talsam ce-~
ment which bonds two elements of the filter, The data are shown in Figures
18 and 19. The change in calibration is shown by comparison of the (25,25)
curves for the two calibrations in Figure 20.

The 0,2-4 micron channel showed no change in calibration over this time
period. The data are shown in Figures 21 and 22, The two (25,25) curves are
shown for comparison in Figure 23. It can be seen that they agree within ex-
perimental error.

7.2 THE UNIVERSITY OF MICHICGAN CALIBRATION DATA

Calibrations of the F-1 MRIR were performed at The University of Michigan
as follows:

(a) Carbon Arc and MgO Reflector--February, 1963.
(b) Lamp and MgO Reflector—August, 1963.

(c) Hemisphere Source—April and May, 1964,
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The response of a channel of the MRIR is given by
¢i = kI‘ ¢j'_

values of ¢£, the relative response of the 0.55-0.85 micron and 0.2-4 micron
channels of the F-1 MRIR are shown in Figures 2 and 3. The constants k, are
not known for these two channels, however it will be seen that they are not
required for calibrations in terms of percent reflectance.

Recall that the spectral radiance of a source is given by:

N.: = k

ci n Wci

and
N, = % Kp Vei 8N = ky 2 Voi &

and that the effective radiance of a source is written as:

(14)

| —
Nc - kr kn % ¢i Wci A>"i
The spectral irradiance of the sun is Hgy (see Figure 5) and thus the
effective radiance of a target with 100% diffuse reflectance is

A o1 Hey (15)

E
b

Values of ¢£, Hsi’ Wci and ¢£Nsi and ¢'Wii are given for the sun and all
three sources for the 0.55-0.85 micron channel in Table VI, Similar data for
the 0.2-4 micron channel is given in Table VII. Curves of ¢'Hsi and ¢iwci

are given in Figures 24 through 31.

The calibration data taken in February, 1963, with the carbon arc-—-Mg0
Reflector Source are shown in Table VIII.

Percent reflectance is computed from:

ky kn ? ¢£ Vei &N kn % ¢i Vei AN
3= -
kp ! 1 '
ﬂ_'%‘bi Hys ;%"1 Hgi
Ky 1s computed from:
Ne
LoVay AN
i
S




TABLE VI

CALCULATION OF EFFECTIVE SPECTRAL RADIANCE
OF SUN AND CALIBRATION SOURCES FOR 0.55-0.85 MICRON CHANNEL OF F-1 MRIR

Sun Carbon Arc and Lamp and Hemisphere with
N> 0 :;. Mgo Reflector Mg0O Reflector Burch Paint
mierons waléigknz Hgi®s Vei ‘I’ciﬁ wat::Jv;- ’u kn¥ei®i L Vei®s
0.51 0.005 19.45 0.097
0.52 0.010 19.25 0.193 23.8 0.238 17.12 0.171 12.5 0.125
0.53 0.030 19.55 0.586
0.54 0.085 19.80 1.68% 22.9 1.947 20.21 1.718 15.7 1.335
0.55 0.210 19.49 k.093
0.56 0.385 19.10 T7.35% 22.3 8.586 23.07 8.882 20.3 7.816
0.57 0.625 19.07 11.919
0.58 0.760 19.09 14.508 21.5 16.340 27.35 20.786 25.1 19.076
0.59 0.865 19.00 16.435
0.60 0.940 18.36 17.258 21.0 19.740 32.10 30.174 34,9 32.806
0.61  0.98 17.83 17.473
0.62 1.000 17.48 17.480 20.6 20.600 38.05 38.05 6.1 k6.1
0.63 0.99 17.11 16.939
0.64 0.955 16.75 15.996  20.2 19.291 i 23 4o, 246 53,0 50.615
0.65 0.910 16.50 15.015
0.66 0.838 16.%2 13.676 19.9 16.676 49.54 41.850 63.0 52.7T94
0.67 0.800 16.03 12.824
0.68 0.760 15.60 11.856 19.5 14.820 55.88 ko kg  67.5 51.3%
0.69 0.700 15.17 10.619
0.70 0.655 15.06 9.825 19.2 12.576 60.6k4 39.719  75.0 49,125
0.71 0.575 1k.73 8.470
0.72 0.485 14,30 6.9% 18.6 9.021 65.40 31,719 86.k4 k1.904
0.73 0.415 14.05 5.831
0.7k 0.345 1%.69 4,23  17.8 6.141 70.15 2h,202  86.3 29,774
0.75 0.280 13.53 3.788
0.76 0.215 13.28 2.855 16.8 3.612 Th k3 16.002 90.8 19.522
0.77 0.180 12.75 2.295
0.78 0.140 12.45 1743 15.8 2,212 78.47 10.986 92.5 12.9%0
0.79 0.115 12.23 1.k06
0.8 0.080 11.99 0.959 1h.7 1.176 82.04 6.563 94.9 T.592
0.81 0.0k5 11.7h 0.528
0.82 0.0%0 11.52 0.346  13.7 0.h411 85.61 2.568 96.9 2,847
0.83 0.020 11.23 0.225
0.84 0.013 10.86 0.154 12.9 0.168 88.70 1.153 99.0 1.287
0.85 0.005 10.61 0.085
0.86 0.005 10.36 0.052 12.3 0.062 91.55 0.458 100.0 0.500
256.225 153,617 359.T10 427,468
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TABLE VII

CALCULATION OF EFFECTIVE SPECTRAL RADIANCE
OF SUN AND CALIBRATION SOURCES FOR 0.2-l.0 MICRON CHANNEL OF F-1 MRIR

Sun Carbon Arc and Lamp and Hemisphere with

. Ay % MgO Reflector Mg0O Reflector Burch Paint
mherons watii}mg ¢iHsi wci ¢iwci kn‘l’ci kn‘pn!.wci Wci ¢iwci

0.3 0.k 62.79 25,74 0.55 0.23 0.75 0.31 -— -—-

0.k 0.76 156.34 118.82 28.80 21.89 4 60 3.50 1.39 1.06

0.5 0.67 203,54 136.37 26.30 17.62 13.10 8.78 8.99 6.02

0.6 0.6k 181.8k4 116.33 21.00 1344 30.60 19.58 34,90 22,34

0.7 0.59 148.80 88.38 19.20 11.33 57.75 34,07 75.00 4L .25

0.8 0.53 120.21 63.71 14,70 T.79 78.10 41,39 9k.90 50.30

0.9 0.59 95.08 56.10 11.3%0 6.67 91.75 54k.13 97.30 5T7.41

1.0 0.825 4,78 61.69 9.00 T.43 99.10 81.76 85.60 73.92

1.1 0.89 58.09 51.70 8.10 7.21 99,95 88.96 82.3%0 73.25

1.2 0.94 47,60 L 7k 6.70 6,30 97.30 91.46 65.50 61.57

1.3 0.957 35.18 36.54 5.30 5.07 92.05 88.09 60.00 57.42

1.k 0.97 30.87 29.94 4, 4o 4,27 84.70 82.16 33.70 32.69

1.5 0.977 25.17 24 .59 k.05 3.96 76.55 .79 29.60 28.92

1.6 0.99 20.68 20. 47 3.40 3.37 67.80 67.12 27.70 27.h2

1.7 0.993 17.1% 17.01 2.70 2,68 60.15 59.73 17.60 17.48

1.8 0.96 1k.29 13,72 2.30 2.21 52.70 50.59 14.50 13.92

1.9 0.968 12.00 11.62 1.90 1.84 k5,70 Ll ok 7.40 7.16

2.0 0.977 10.15 9.92 1.50 1.46 38.50 37.61 -— -—

2.1 0.975 8.63 8.41 1.20 1.17 35.85 34.95

2.2 0.983 7.39 7.26 0.90 0.88 31.90 31.36

2.3 0.98 6.36 6.2% 0.65 0.64 28.00 27.44

2.4 0.97k 5.50 5.36 0.40 0.39 25.10 2h L5

2.5 0.905 L.78 4,33 0.20 0.18 21.30 19.28

2.6 0.945 4.8 3.95 --- —— 17.90 16.92

2.7 0.625 3.66 2.29 14.85 9.28

2.8 0.85 3.22 2.7h 12.10 10.29

2.9 0.90 2.8k 2.56 9.75 8.78

3.0 0.96 2.54 2.4k 7.80 T7.49

3.1 0.94 2.24 2,11 6.10 5.73

3.2 0.95 1.99 1.89 5.00 h.75

3.3 0.957 1.81 1.73 4,00 3.83

3.4 0.969 1.62 1.57 3.40 3.29

3.5 0.908 1.46 1.33 2.90 2.63

3.6 0.895 1.31 1.17 2.%0 2.06

3.7 0.700 1.18 0.33 1.95 1.37

3.8 0.675 1.07 0.72 1.70 1.15

3.9 0.645 0.97 0.63 1.40 0.90

k.o 0.482 0.90 0.43 1.00 0.48

h.1 0.500 0.84 0.42 0.50 0.25

h.2 0.195 0.77 0.15 _—— -

4.3 0.152 0.71 0.11

L4 0.177 0.65 0.12

k.5 0.191 0.58 0.11

4.6 0.175 0.50 0.09

L7 0.060 0.kkL 0.03

L.8 —— 0.43% --

k.9 -—- 0.k2 --

5.0 - - --

L6
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Figure 24, Effective spectral irradiance of sun, Hsi¢i for 0.55=0.85 micron

channel of F-1 MRIR.
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for carbon arc—Mg0 reflector and 0.55-0.85 micron channel
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Figure 26. kn°:;.‘l’ci for lamp--MgO reflector and 0.55-0.85 micron channel of

F-1 MRIR.
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Figure 27. ¢i¢éi for hemlsphere source and 0.55-0.85 micron channel of F-1
MRIR.

50




HTYW T-4 FO TaUuBYD

UOIDTW Q°*H=g 0 JI0F weﬁmm ‘uns Jo 80UBTPBIIT TBI}0ads SAT309JJH ‘g2 oInITd

01

e

H 3
Y ‘yjfusiasepm

o

SUOJOTIA

oy

09

08

001

0cl1

ov1

51



ToUUBYO UOJIDTH (°*t-Z°0 PUB J0309TJ9X QSW=—0I8 UOQIBD JIOJF ﬁoame

0°¢c

0'1

MTUN T-d F©
‘62 SINITA

SUOJIDIN

1

X

‘Uiduatosem

T

e

52

01

0¢




HIUW T-4
JO T3UUBYD UOIDTW O *~2°0 PUB J0303TIoX OSN~~dweT I0J ﬁoamezx *0¢ 9anITg

0'¢ 0°2 0°1 0

A - .

T _ _ 0

SUOJIDTA 4 X ‘Yr8uatesrem

10

u
Alg X

— 001

—ozt

23




“UTHIW
T-4 JO TaUUBYD UOIDTW Q°{=g°'0 PUB 30anos sxsydstwey JI0F ﬁoame *1¢ 9anSTd

0°¢ 0°'¢ 0°1

|

‘Y ‘yrduaieaem

.

SUOJDIIN

5k

o1
]

A9

—j 001

— 021

—ov1




TABLE VIII

UNIVERSITY OF MICHIGAN F-1 CALIBRATION DATA
(Carbon arc-Mg0 reflector source—February, 1963)

0.55-0.85 Micron Channel 0.2-4,0 Micron Channel

We, Ne, = St
Wattg/m2 Watts/m2 sr  IRIR, P, MRIR, P,
Volts % Reflectance Volts % Reflectance

208 66.21 1.5 1k.7 1.8 15.9
398 126.69 3.2 28.1 3.6 30.4
597 190.03 4,9 ho.1 5.3 45,5
787 250,51 6.6 55.5 6.9 60.0
977 310.99 8.4 68.9 8.6 4.5
1177 374,65 10.1 83.0 10.3 84.8
1376 437,99 11.8 97.0 11.9 105.0
1575 501, 34 12.8 111.0

The necessary numerical values for the 0.55-0.85 micron channel are:

LV,. A\, = 17.00k4
ill 1
Lyer g . = 81.56
T i 1 S1
§ o1 wci Axl = 3,072
Thus:
-, _ _3.072 , _Ng

17.00L  81.56

or

-, _ 307, 2 _
o' (%) 17.004 « 81.56 Ne 0.2215 Ne

The necessary numerical values for the 0.2-4 micron channel are:

Lyory .= 314,00
14 1 81
Le' ¥ M. = 12.80

i 1 el 71
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Thus:

. _ le.80 | N
17.004  31kh

- 12.80
5 (%) = . N = 0.2397 N
(%) 17.004 - 314 © 91 Y

The calibration data taken in August, 1963, with the lamp—DVMgO Reflector
Source are shown in Table IX.

TABLE IX

UNIVERSITY OF MICHIGAN F-1 CALIBRATION DATA

(Lamp-MgO reflector source—August, 1963)

0.55-0.55 Micron Channel 0.2-4.0 Micron Channel
R MRIR, o', MRIR, 'y
Volts % Reflectance Volts % Reflectance
1.00 -- 2.0 0.8 8.2
0.79 0.45 3.2 1.29 15.1
0.65 0.75 b7 2.03 19.4
0.56 1.10 6.3 2.82 26.2
0.50 1.50 7.9 3.75 32.8
0.456 1.90 9.5 4.80 39.5
0.h423 2.30 11.1 5.75 45.9
0.400 2.50 12,4 6.40 51.%
04370 2.90 14,5 7.60 53.9

The radiance of the MgO plate, with irradiance from the lamp at 45° is:

0.707 1
Ne = "—%~Z'§§ 2, kp Vei OAg watts/m2-steradian

and the reflectance is computed from:
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kr v
ir s Hos
T g’ i Ysi
Lk, Vas ©1 AN
.2250 1 n Yei “i i
RE Lyoery
14 1 si

For the 0.55-0.85 micron band

% ky ¢f Voi & = T.194

- . T19.k - 0.225 = 1.985
o' (%) 81.56 * R2 R2

For the 0.2-4,0 micron band

Dky 05 Vg My = 1145
i

- _ 1150 - 0.225 1 8. 205
p'(#) = 31k, 00 R

The calibration data taken with the Hemisphere Source in April and May,
1964 are shown in Table X.

TABLE X

UNIVERSITY OF MICHIGAN F-1 CALIBRATION DATA
(Hemisphere source—May, 196k)

0.55-0.85 Micron Channel 0.2-4.0 Micron Channel

No. of We, Ne

Lemps  Watts/n® Watts/ég o giii; % Reflgééance giiié % Rele;;ance
2 226.29 72.03 i:gi' 10.2 2.03 17.8
4 L3, 52 141.18 ;:iz' 20.0 t:ig' 3.9
6 651.71 207.45 g:g;' 29.4 2:?:’ 51.3
8 e e OO R 67.7
10 0k9.97  zmwer T S R 82.7

o7



The % reflectance is computed from

_ ky kp % °i Vei ANg Ky % ¢i Veoi ANy
p! = =
5250w, Ly org,
r 3 1 sl ny 17si
kn is computed from:
N
Ky = e—=L—0
Z Voi ANy
i

The necessary numerical values for the 0,55-0,85 micron channel are:

Zn WC]'_ A}\i = 7)4-. 058
1
1 o -
= ? ®) H, = 81,56
% °i Yoy BAy = 8.549
Thus:
1 = 8- 5“‘9 . NC
74.038 81,56
or
51(%) = 4.9 Ne = .14157 N,

4. 038 . 81,56

The necessary numerical values for the 0.2-4 micron channel are:

1 ' _
= % °1 Hy = 314,00
? ol Yy My o= 5T7.51
Thus:
B o= 27.51 o Neg
74.038 31k, 00
or
5'(%) = 2101 Ne = 0.247h Ne

74,038 « 314,00
558




The calibration curves using the data of Tables VIII to X are plotted in
Figures 32 and 33. The voltage indicated is the MRIR voltage output into a
56800 ohm load (The University of Michigan calibrations which were taken with
a 52600 ohm load are corrected to a 56800 ohm load).

For the 0.2-4 micron channel, the curves of Figure 33 show excellent
agreement between the February, 1963, and May, 1964 data. The August, 1963
departs from the other two sets in a strange fashion, that suggests that the
l/R2 law variation used for irradiance of the reflector plate by the lamp is
not valid.

Figure 32 indicates complete disagreement between three University of
Michigan calibrations for the 0.55-0.85 micron channel. The change of trans-
mission of the filter of this channel due to polymerization of the balsam
cement used as a bonding agent was demonstrated by SBRC. It is possible that
the transmission of the channel may have been changing wildly during the time
of the measurements, No other explanation for the disagreement is apparent.

Again the bend in the calibration curve for the August, 1963, data in-
dicates that the 1/R® law used in this calibration was not valid.

SBRC data taken at the same scanner and electronic temperatures have
been shown for comparison. Disagreement with University of Michigan data
is indicated, Probable causes of the disagreement are discussed and cor-
rected calibration curves for the 0.2-4 micron channel are shown in Section
9.2 of this report.

7-3. DIRECT SUN SIGNAL CALIBRATIONS

The direct sun signal calibration system was installed on the F-1 MRIR,
but was not adjusted or ground calibrated for use. Direct sun signals were
obtained on the June 26, 1965, balloon flight, however it is not possible to
Judge the performance of the system because of the lack of surface calibra-
tions.
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8. CALIBRATIONS OF THE F-4 MRIR

8.1. SANTA BARBARA CALIBRATION DATA

Calibrations of the F-4 MRIR were made at SBRC in November, 1964, on
April 8, 1965, and in December, 1965. The November, 1964, and December, 1965,
calibrations were complete sets made for 10 combinations (2 sets of 5 each)
of scanner and electronic module temperatures, i.e.:

Set 1 Set 2

Scanner Electronic Scanner Electronic
Temperature, Temperature, Temperature, Temperature,

°C °C °C °C

50 25 50 50

Lo 25 Lo 40

25 25 25 25

10 25 10 10

0 25 0 0

The calibration on April 8, 1964, was made after a faulty chopper motor
drive amplifier was replaced. This was merely a spot check of calibration
with both scanner and electronic modules at 25°C.

Tt should be noticed that the (25,25) calibration in set 1 and (25,25)
calibration in set 2 above provide an opportunity to evaluate the precision
of the calibrations,

The three sets of calibration data are shown in Figures 34, 35, and 36,
In Figure 34 a comparison of the two (25,25) curves, which are almost identi-
cal, indicates a very high precision for the October, 1964, calibrations.
The same comparison in Figure 36, indicates a significantly degraded precision
in the December, 1965, calibration, i.e., at 75% reflectance, there is a dif-
ference of 0.35 volts. Note also the much greater effects of electronic mod-
ule temperature variations in the December, 1965, calibrations.

Figure 37 shows the (25,25) data for all of the SBRC calibrations. At
first glance it appears that the calibration curve has changed between each
calibration, i.e., it seems that the curve has moved downward between October,
196k, and April, 1965, and then back upward by December, 1965. However, it
should be noticed that the apparent error established by comparison of the
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December 20, 1965, and December 29, 1965, measurements is of approximately
the same magnitude as the apparent calibration shift.

Thus, it cannot be concluded that the change in calibration curves in-

dicated on this graph indicates a shift in instrument characteristics but is
merely evidence of the limit of repeatibility of the calibration data.

8.2, UNIVERSITY OF MICHIGAN CALIBRATION DATA
The calibrations of the F-4 MRIR were made with the hemisphere source,
The response of the radiometer is given by:

where ¢' are values of the relative response average over smsll wavelength
interva}s, see Figure 3.

The spectral radiance and radiance of the Burch hemisphere with n lamps
turned on are given by:

Nei = kp Yo Ne = ? ky Ve AN
The effective radiance of the Burch hemisphere is written as:

1 = bt
N! 0.9k k. % 1oV N

The spectral irradiance of the sun is Hgy (see Figure 5), and thus the
effective radiance of a target with 100% diffuse reflectance is:

N' = 0.94 T ér g
s i i

17t sl

Values of ¢, H,;, V,;, and the products ®; Hy; and ¢; V.4 are given in

Table XI. Curves of ¢{ Hyy and 9! V.; are given in Figures 38 and 39.

The calibration data taken in 1965 and early in 1966 are shown in Table
XII.

The percent reflectance is computed from

0.94% kp % ¢4 Voi AN

p' =
0.94
=27 Qi

T i HSi
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TABLE XI

CALCULATION OF EFFECTIVE SPECTRAL RADIANCE
OF SUN AND CALIBRATION SOURCES FOR 0.2-4.0 MICRON CHANNEL OF F-4 MRIR

N> ! Hgj ! s As ! Hej T . U
microns i watié[gg P'lsi Yei %ives picrons 01 watté/m2 ®'fsp Voi o %1ty

0.3 0.90 62.79 25,12 --- --- 2.7 0.983 3.66 3.60
0.k 0.565 156,34 33.35  1.39  0.78 2.8 0.989 3.00 3.18
0.5 0.504  203.5k  102.53 3.99 4.53 2.9 0.999 2.54 2.63
0.6 0.525 181,84 95.4k7 3h.90 18.72 3.0 0.973 2.54 2,47
0.7 0.538 149.80 30.52 75.00 L0.35 3.1 0.962 2.24 2.15
0.8 0.432  1e0.71 51.93 94.90 L1.00 3.2 0.952 1.59 1.89
0.9 0.530 95.03 55.15 97.30 56.43 3.3 0.927 1.601 1.68
1.0 0.710 478 53.09 39.60 63.62 3.k 0.988 1.62 1.60
1.1 0.815 53.09 L7.3k 82,30 67.07 3.5 0.937 1.46 1.37
1.2 0.886 L7.60 hp,27 65.50 58,16 3.6 0.987 1.31 1.29
1.3 0.925 33,13 35.43  60.00 55.63 3.7 0.850 1.18 1.00
1.b 0.953 30.37 29.k2 33,70 32.12 3.8 0.705 1.07 0.75
1.5 0.963 25.17 2L.36 29.60 28.65 3.9 0.661 0.97 0.6k
1.6 0.973 20.63 20.12 27.70 26.95 Lh.,0 0.620 0.90 0.56
1.7 0.991 17.13 16.93 17.60 17.44 b1 0.520 0.54 0.4k
1.8 0.943 1L,29 13.55 1k.50 13.75 k.2 0.360 0.77 0.28
1.9 0.961 12.00 11.53 T7.k0  7.11 4.3 0.180 0.71 0.13
2.0 0.953 10.15 9.72 === - b 0.138 0.65 0.09
2.1 0.975 8.63 8.40 4,5 0.180 0.58 0.10
2,2 0.97k T7.39 7.20 b6 0.202 0.50 0.10
2.5 0.978 6.36 6.02 b7 0.100 O.Lh 0.0k
2.4 0.950 5.50 5.39 L.8 0.015 0.43 0.01
2.5 0.952 4,75 L.55 e ——- 0.k2 --
2.6 0.970 4,18 L.,05 5.0 -—- - --

k, is computed from:

]

4. 038

258.8
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0.94 2, ®f Yy By = 50.00

Thus,

—, _ 50.00 , _Ne
4,038  258.8

or

50. 00
74,038 - 258.8

B'(%) Ne = 0.2609 Ng

The calibration curves using the data of Table XII are plotted in Figure
40,

It is interesting to note that the output of The University of Michigan
calibration source has decreased by about 6% in the year January, 1965, to
January, 1966.

The (25,25) calibration curve of the F-4 MRIR has not changed signifi-
cantly in this period according to The University of Michigan calibrations.
It was indicated in Section 8.1 of this report that although at first glance
it might indicate that there was a change in calibration of this channel be-
tween October, 1964, and December, 1965, this shift appeared to lie within
the repeatability of the SBRC calibrations. Indeed an average of the 4 SBRC
calibrations cannot be distinguished from the average of The University of
Michigan calibrations.,

8.3. DIRECT SUN SIGNAL CALIBRATIONS
Results of the direct sun signal calibrstions are shown in Table XIII.

Note first that the sun signal received on the March 10, 1965 balloon
flight was 3.0 volts with the balloon at 54 mb. pressure altitude., A cor-
rection factor of 1.05 for atmospheric absorption yields a predicted orbital
direct sun signal of 3.15 volts.

The SBRC sun signal calibrations showed predicted orbital sun signal cal-
ibrations of 3.6 volts (November 19, 1966) and 3.16 volts (January 6, 1966),
the latter value is in remarkably good agreement with the balloon flight re-
sult.

Surface calibrations at The University of Michigan gave a wider range
of predicted orbital sun signel calibrations than the SBRC data did.

It is apparent that this method of calibration of the direct sun signal
is not very relisble. The excellent agreement between the balloon flight data

T2
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TABLE XIIT

DIRECT SUN SIGNAL CALIBRATIONS OF F-4 MRIR

m = optical path length F = correction factor
Vg = MRIR sun signal F«Vg = predicted orbital direct sun signal
Sun
Date Elevation m Vg F FVg Notes
Angle
11/19/64 38.7 1.6 2.4 1.5 3.6 At SBRC
Balloon Flight Data,
3/10/65 13.4 0.232 3.0 .05 3.15 54 mb pressure altitude
66.4 1.09 1.84  1.31 2.4
5/19/65 65.6 1.095 1.77 1.31 2.32 At U. of Mich.
53.7 1.2k 1.77 1.37 2.ke
64,7 1.103 1.77 1.32 2.3k
67.9 1.081 1.87 1.31 2.L5
63.2 1.118 1.80 1.3% 2.39
5/20/65 56.7 1.193 1.87 1.34% 2,51 At U, of Mich.
45.3 1.kohk  1.70 1.43  2.43
36.0 1.70 1.48 1.53 2.26
30.0 2.00 1.38 1.65 2.28
37.5 1.6kL 1.62 1.51 2.Ls
Ls.L 1.40 1.38 1l.k2  1.96
54.3 1.227 1.87 1.37 2.56
60.8 l.1k2 1.8 1.33 2.51
67.1 1.089 1.88 1.31 2.L6 )
5/21/65 6l b 1.001  1.70 1.32 2.k A®U. of Mich.
60.2 1.148 1.55 1.33 2.06
53.9 1.23 1.46  1.37 2.00
L7.2 1.36 1.46 1.b2  2.07
27.5 1.64 1.29 1.51 1.95
1/6/66 33.0 1.83 2.0 1.58 3.16 At SBRC
2/7/66 30.0 1.625 2.0 1.65 2.68 At U. of Mich. (hazy)
A At U. of Mich.,
2/11/66 336 1.76 2.0l 1.5 3.12 (blue sky between clouds)
2/12/66 33.8 1.79 2.3 1.56 3.62 At U. of Mich. (clear)

h



and the January 6, 1966, SBRC data and the February 11, 1966, University of
Michigan data is apparently fortuitous, There are several possible sources
of error in the technique used.

(a) First, the assumption that the Handbook of Geophysics data on Elter-
man's clear standard atmosphere can be used to correct for the attenuation
of the direct solar beam may easily lead to error. It is apparent that Elter-
man's model does not fit the Michigan atmosphere in May under clear sky con-
ditions. The data of May 21, 1965, especially indicate this in that the morn-
ing and afternoon data for the same solar elevation differ by as much as 20%.
If calibrations are made which depend on corrections for atmospheric attenua-
tion, much more accurate information on moisture and aerosol content must be
avallable.

(b) Second, the calculation of the correction factor F uses the response
function of the MRIR without consideration of the spectral response character-
istic of the direct sun signal optics.

(¢) Finally, the direct sun signal calibration is sensitive to angle

variations within the field of view of its optics. This sensitivity can
easily result in a reading smaller than the maximum value.

™




9. ERROR ANALYSIS

9.1. EXPERIMENTAL ERRORS IN CALIBRATION

The equations involved in the calibrations of the visible channels of
the MRIR are

V, = R'A,Q ? (kr¢{)kn¢ci) Ay (16)

% (kr¢i)(knwci) Ay
o' = T (17)
o Z (k®5) Hyy
Tg

The radiometer voltage is proportional to the "actual" effective target
radiance. In the calibration this voltage is plotted against o', the ratio
of a calculated effective target radiance divided by a calculated effective
radiance for 100% diffusely reflected solar radiance.

Errors in V. are measurment errors, estimated to be less than 0.1 volt.
Errors in p' arise from:

(a) Errors in measured values of ¢.
(t) Errors in measured values of kp Vqi.
(c) Errors in values of Hgy used.

If all work is done carefully and accurately maximum errors for ki ¢i
should be less than 1%. The maximum error in measurement of ky Vci should
be less than 8% at 0.25 micron and less than 3% at 2.6 microns (the maximum
uncertainty quoted by the National Bureau of Standards® for standards of
spectral radiance). In addition values of k, ¥y have a error in precision
(repeatability) of about 1%.

Errors in values of Hgy used should be less than 1%, if corrections are
made for variations in values of earth-sun distance when interpretations
of measured reflectances are made. If 5700°K to 6000°K black body radiation
data are used instead of actual values of Hgy, errors of up to 5% may result,
especially in the 0.55-0.85 micron channel, This can be easlly seen by refer-
ence to Figure 41, which compares the spectrum of solar irradiance with black
body intensities for 6000°K and 5700°K.
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-Zu-l)

Intensity per unit wavelength (102w cm

Wavelength {u)

Figure 41. Observed solar spectrum and black body intensities for temperatures
of 6000°K and 5700°K [after F. S. Johnson, J. Meteorol, 11, 431, 1954 ]

A summary of errors in the calibration and use of the visible channels
of the MRIR is given in Table XIV. From this table it can be seen that the

TABLE XIV

SUMMARY OF ERRORS IN THE CALIBRATION AND USE OF THE MRIR

Quantity Magnitude Comments
Vo 1% Precision (repeatability)
0! [ 1% Precision
o1 less than 1% Systematic error
koVos less than 3-8% Systematic error

Systematic error
H.: less than 1% Correct for earth-sun distance!
Do not use black body datal

Errors in interpretation:

Measured p' is a weighted average reflectance with weighting
function st°x'

whereas:

Desired p is weighted average reflectance with weighting function Hgp o

Measured p' is bi-directional reflectance——not a total reflectance.

[



precision of the calibration should be better than 2%, the systematic error
should be less than 3-8%, In addition, significant errors may be made in
the interpretation of the data. This error of interpretation can easily be
10% or larger (see Section 9.3).

9.2. CORRECTED CALIBRATION CURVE FOR F-1 MRIR O,2-4 MICRON CHANNEL

During the calibrations of the F-4 MRIR, it was noticed that an error
could easily be introduced into readings of source radiance if too much
time was taken in this process., The cause of the error was the increase of
thermal radiation of the source with time. Since the thermopile with CaFz
filter has a response out to and beyond 10 microns, it responds to thermal
radiation as well as visible radiation. Comparison of readings of the same
thermopile with CaFs and quartz filters indicated an error as great as 5,6%
could occur.

A discussion of the experimental technique used on the F-1 MRIR calibra-
tion lead to the conclusion that this error probably did exist in the calibra-
tion of the F-1 MRIR. Indeed if a correction is applied to the (University
of Michigan) data, excellent agreement is obtained between University of Mich-
igan and SBRC calibrations. The modified University of Michigan calibration
is shown and compared with the SBRC curves in Figure L2,

9.3, ERRORS IN INTERPRETATION, EXAMPLES

Two examples of the measurement of reflectance with the visible channels
of the NIMBUS MRIR are considered, the reflectance ofa "green leaf"O and

of "middle layer clouds". 1

The spectral reflectance curves considered are shown in Figure 43, TFor
each curve the quantities P and p' have been calculated for each of the visi-
ble channels of the MRIR, i.e., the "true'" average reflectances for solar
radiation.

0,85

Z ph Hs%. ax

— 0,55
£0.55-0.85 0,85 (18)

Y o o

0.55
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4,0
}: Py Hsk AN
0.2

Po.2-4.0 = o (19)

T o i

0.2

and the reflectances measured by the MRIR

0.85

Z o Hgn O O
~ _0.55
P0.55-0.85 " 0.85 (20)

Z Hon O\ &

0.55

4,0

Z oy gy &
_ 0.2

4 =
Po0.2-4.0 ) (21)

Z Hon O\ &

0.2

where the values of ¢k used are the appropriate values for the F-1 MRIR radiom-
eter,

The results of these calculations are shown in Table XV. The true average
reflectance of the "middle layer clouds" is almost the same for the 0.55-0.85
and O,2-4,0 micron regions. Both channels of the MRIR would give excellent
measurements of these average reflectances.

For the "green leaf" the situation is different and errors of interpreta-
tion could result. Although the spectral reflectance varies widely as a func-
tion of wavelength, the true average reflectances pO.55-O.85 and Po. ol g are

about the same, 0.26. The measured average reflectance 56 o-4.0 gives an ex-

cellent result, 0.27, however the measured value p! gs is much too low,
0.16 0.55-0.05
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TABLE XV

REFLECTANCES MEASURED BY MRIR COMPARED WITH TRUE AVERAGE REFLECTANCES

Substance P0.2-L.6 P0.55-0.85 Pd.2-4.6 P6.55-0.85
Middle layer clouds 0.659 0.710 0.645 0.71k
Green leaf 0.264 0.261 0.273 0.156

Use of 66.55—0.85 for earth albedo would require a correction factor of

1.6 in the case of the "green leaf."
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10. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are drawn from the calibration program de-
scribed above.

(1) The program of calibrations of the 0,55-0.85 micron and 0.2-4,0
micron channels of the MRIR's has developed to the point at which reliable
calibrations can be made.

(2). The hemisphere source which has been developed as a part of this
program can be used with confidence in making this type of calibration. It
provides a suitable range of intensities, 0-85% reflectance, of known spec-
tral distribution; is stable and relatively efficient in its use of electrical
power. As a calibration source it is far superior to the "carbon-arc--Mg0
reflector plate" or "tungsten lamp—Mg0O reflector plate" sources.

(3) The calibrations of the F-1 and F-4 MRIRs have been carried out
satisfactorily, i.e.,

(a) Calibrations of the 0.2-4,0 micron channel of the F-4 MRIR are
repeatable and agree with SBRC calibrations within the estimated
precision and systematic error range of this type of measurement.

(b) Calibrations of the 0.2-4,0 micron channel of the F-1 MRIR carried
wt with the "carbon-arc—MgO reflector plate" and hemisphere
sources are consistant and agree with SBRC calibrations; although
a correction factor derived from F-4 calibration work was applied.

{(c) Calibrations of the 0.55-0,85 micron channel of the F-1 MRIR
show large variations as a function of time, This variation is
explained by the deterioration of the filter used in this channel.

(4) The method of calibration and interpretation of the data in terms
of percent reflectance can lead to large errors in interpretation for signals
of some spectral distributions. An example is given in Section 9.3. Addi-
tional error results from the assumption that the bidirectional reflectance
measured is a diffuse reflectance.

(5) The direct solar calibrate system is limited in its use by the method
of calibration, in which the sun is viewed from the earth's surface and cor-
rections are made for atmospheric transmission. The accuracy of this type of
correction is poor and thus for NIMBUS satellite applications, the deteriora-
tion of the radiometer during the satellite launch phase may not be accurately
measured.
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Recommendations for future MRIR calibrations‘are:

(1) Reports on MRIR calibrations should include all calibration details,
including

(a) Spectral distribution and intensities of calibrating source,

(b) Secondary standards to which radiation measurements are referred,

(¢) Values of solar irradiance used for the calculation of percent
reflectance, so that comparisons between the work of various cal-

ibrating groups may be better compared,

(2) The characteristics of the calibrating sources should be monitored
and checked at regular intervals so that changes can be noted.

(3) The characteristics of the complete optical system used in the di-
rect sun signal calibrations should be determined. A method of calibration
which does not depend on estimated corrections for atmospheric transmission
should be developed.

8l
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